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Summary

A brief wind-tunnel study was conducted in the

Langley 12-Foot Low-Speed Tunnel to determine

reaction control-jet effectiveness and some associ-

ated aerodynamic characteristics of a 15-percent-

scale model of the General Dynamics E-7A STOVL

fighter concept applicable to hover and transition

flight. Where possible, the measured data were com-

pared with values calculated using empirical meth-

ods. Results showed a loss in control-jet effectiveness

with increasing forward speed for transition condi-

tions for the baseline roll-jet location. Smaller losses

in control-jet effectiveness were measured for the nose

jet and yaw jets with increasing forward speed. A

smaller loss in effectiveness was obtained by several

alternate roll-jet locations than by the baseline roll-

jet location.

Introduction

Attitude control of vertical takeoff and land-

ing (VTOL) and short takeoff and vertical land-

ing (STOVL) aircraft in hovering and low-speed

flight can be accomplished using reaction control jets

placed at various locations on the aircraft. Unfor-

tunately, the forces and moments generated by such

control jets do not necessarily remain invariant when

the aircraft is hovering in a crosswind or in tran-

sition flight. (See ref. 1.) The loss of control-jet
effectiveness is similar to the lift loss induced by main

jets which is a widely recognized phenomenon that

has been reported at various times in the literature.

(For example, see refs. 2-6.) Tests of specific con-

figurations are usually made because of the lack of
an adequate theory for computing control-jet effec-

tiveness for the wide variety of possible control-jet

locations employed in various aircraft designs. Ref-

erence 7 represents the only published data available
on the loss of control-jet effectiveness. Reference 1

gives an analysis of these data.

The present paper presents the results involving
reaction control jets that were obtained during a

wind-tunnel investigation of a 15-percent-scale pow-

ered model of a single-engine STOVL fighter concept

conducted in the Langley 12-Foot Low-Speed Tunnel.

The aircraft concept is the General Dynamics E-7A

-advanced supersonic fighter design with an ejector-

augmentor system located forward of the center of

gravity in the wing root section of a large clipped

delta wing and a vectorable core nozzle located aft

of the center of gravity to provide the lift and bal-
ance required for short takeoff and vertical landing

capability. Reaction control jets for attitude con-

trol are located in the nose, wing, and tail sections.

The purpose of this paper is to report preliminary

results applicable to transition flight on the effec-

tiveness of the reaction control jets studied. In ad-

dition to the original design, several alternate loca-

tions of the roll jets were examined. For all test re-

sults, the main engine simulator was unpowered, the

wing ejector diffusers were deployed, and the wing

ejector inlet covers were closed. The latter choice

was necessary since the wing ejector units were re-

nloved from the model and the available space was

used for an internal "trombone" type of assembly em-

ployed to bridge the nmtric-nonmetric junction when

supplying compressed air to the model.

Symbols

Longitudinal forces and moments are referred to

the wind axis system, and the lateral-directional

forces and moments are referred to the body axis sys-

tem. All moment data are presented with respect to

a center-of-gravity location on the fuselage centerline

at 31.04 percent of the wing mean aerodynamic chord

(at fuselage station 47.40). All dimensional data are

given in U.S. Customary Units.

Aj control-jet-exit area, ft 2

b wing span, ff

C A Axial-force coefficient,

Axial force/qoc S

C D drag coefficient, Drag/qocS

C L lift coefficient, L/q_cS

C l rolling-moment coefficient, l/qocSb

Cm pitching-moment coefficient,

rn / q_c S_w

C N normal-force coefficient,
Normal force/qcc S

C, yawing-moment coefficient, n/qocSb

Cy side-force coefficient,
Side force/qocS

Cp pressure coefficient, (p - p_ ) / q_c

cj wing chord at spanwise location of
control jet, ft

cu, wing inean aerodynamic chord, ft

K b control-jet spanwise-position factor
(see eq. (C6))

Kc control-jet chordwise-position factor

(see eq. (C5))

L lift force, lb

L p lift force due to jet thrust plus in-

duced loading, lb,

(L)wind on/jet on - (L)wind on/jet off
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lift force with jet on and wind off,
lb

jet-induced lift increment, L l - L0,
lb

rolling moment, ft-lb

control-jet effectiveness for rolling

moment, pitching moment, and

yawing moment, respectively,

(Data)wimi (m/jet .... -- (Data)wind on/jet off

(Data)wind off/jet on

pitching moment, ft-lb

jet mass flow rate, slugs/sec

yawing moment, ft-lb

static pressure, lb/ft 2

atmospheric pressure, lb/ft 2

jet total pressure, lb/ft 2

free-stream static pressure, lb/ft 2

jet-exit dynamic pressure, ½pj Vj2,

lb/ft 2

free-stream dynamic pressure,

1_ v2 lb/ft 2_/Joc v 3¢,

wing area, f12

thrust of control jet, lb

effective velocity ratio,

jet-exit velocity, ft/sec

free-stream velocity, ff/sec

longitudinal distance of control jet
from leading edge of local wing
chord, ff

longitudinal distance of control jet
from center of gravity (positive

ahead of C.G.), ff

distance in jet-exit diameters from

jet center in free-stream direction

(fig. 7)

distance in jet-exit diameters from

jet center normal to both the jet
and the free-stream directions

(fig. 7)

spanwise distance of control jet

from centerline, ft

6e,L

_e,R

pj

P_z

Abbreviations:

ADEN

BL

C.G.

ENPR

FS

NPR

STOVL

VTOL

angle of attack, deg

angle of sideslip, deg

elevon deflection on left-wing

semispan, positive trailing edge

down, deg

elevon deflection on right-wing

semispan, positive trailing edge
down, deg

flow density at jet exit, slugs/ff 3

free-stream density, slugs/ft 3

augmented deflector exhaust nozzle

butt line

center of gravity

estimated nozzle pressure ratio

fuselage station

nozzle pressure ratio, pj/p_

short takeoff and vertical landing

vertical takeoff and landing

Aircraft Concept

A three-view drawing of the configuration under

study is illustrated in figure 1. A description of

the aircraft concept and a discussion of the intended

flight modes, illustrated in figure 2, are given in

appendix A. For hovering and transition flight, re-

action jets are located on the wing, nose, and tail
sections of the aircraft. There are five individual

reaction-jet thruster units. One unit is located in the

nose lower surface and is directed downward for pitch
control, two downward-thrusting jets are located in

the wings for combined pitch and roll control, and

two sideward-thrusting jets are located on the aft

fuselage for yaw control. These jets are intended to

be powered by high-pressure air supplied by a com-

pressor unit driven by a small, auxiliary gas turbine

for the demonstrator aircraft and by the main engine

for the operational aircraft (ref. 8) in order to achieve
the flow volume and nozzle pressure ratio needed for
control.

Model

The wind-tunnel model was a 15-percent-scale

version of the General Dynamics E-7A STOVL

fighter configuration that was previously used for free

flight testing in the Langley 30- by 60-Foot Tun-

nel. The model was constructed of molded fiberglass,



wood,andaluminum.A list of geometriccharacter-
isticsisgivenin tableI. Modelmodificationsyielded
two distinct configurations,onefor the hoverand
transitionandtheotherfor conventionalflight. For
hoverandtransition,theejectorinletcoversareopen
andthediffuserunitsaredeployed.A photographof
themodelin thehoverconfigurationisshownin fig-
ure3. For the testsreportedherein,however,the
modelwasreconfiguredto havethe diffuserunits
deployedandthe inlet coversclosed.With this ar-
rangement,thewingejectorunitswereremovedfrom
the modeland the spacewasusedfor an internal
tromboneassemblyemployedto bridgethe metric-
nonmetricjunctionwhensupplyingcompressedair
to the model. Themainenginecoreflowcouldbe
simulatedbyusingacommercialejectorunit located
in the main engineduct; however,for thesetests
thisejectorunit wasunpoweredandthecorenozzle
wasundeflected,thusprovidinganopenflow-through
duct.

A totalofeightreactioncontroljetsweretestedas
illustratedin figure4. Thecontroljets weresupplied
with compressedair that wasductedthroughthe
modelusing3/8-in-diametercoppertubing.A single
valvewasincludedin eachcopperline asa means
of controllingthe massflow rateto eachcontrol
jet. During thesetests, however,only the full-
openvalvepositionwasused.Coppertubingfrom
thedownstreamsideof eachvalveterminatedin a
standard90° elbowthat wasflushwith the model
surfaceand servedas the reaction-jetnozzle. A
static pressuretap waslocatedin eachcopperline
downstreamof thevalvefor monitoringandsetting
testpressures.Thesepressuresweremeasuredusing
transducersmountedin themodelnose.

Three alternateroll-jet locations(one at the
wingtip,oneat the wingtrailing edge,andoneon
a longextensionthat wasusedfor the freeflight
tests)wereexaminedduringthis investigation.(See
fig. 4.) Simpleextensions,whichwereconstructed
froma lengthof 3/8-in-diametercoppertubingand
twostandard90° elbowsfor eachjet, wereattached
externallyto themodelsurfacewithbrackets.These
extensionswerematedto the baselineroll-jet exit
andservedto simplyrepositionthejet-exit location.

Tunnel and Apparatus

The tests were conducted in the Langley 12-Foot

Low-Speed Tunnel. This tunnel has an octagonal test

section and a conventional C-strut support system

with a motorized sting assembly. The model was

attached to a six-component strain gauge balance

which in turn was mounted to the sting. The sting

entered the model through the aft nozzle location

identified in figure 2.

Compressed air was supplied to the model from

pressure outlets in the tunnel floor by means of

lightweight high-pressure-resistant hoses. The flex-

ible hoses were attached to copper tubing at the rear

of the sting. The copper lines external to the model

were taped to the sting since the metric-nonmetric

junction was internal to the model. Only two jets

were tested at a given time because the trombone as-

sembly could accommodate only two pressure lines.

Internal plumbing changes permitted testing of the

different control jets.

Line pressure of the compressed air supply ex-
ternal to the test section was displayed and moni-

tored using several large-dial gauges. Although not

included in the data recording system, readings were

noted by the tunnel operator and used as reference

settings. All other data including strain gauge read-

ings and pressure transducer readings were recorded

using a Hewlett-Packard 9845 computer and data ac-

quisition system. With this system, measurements

were taken at a rate of 10 samples per second for

10 sec. Average values were then computed, stored

on a magnetic disc, and printed out.

Tests

All reaction control-jet configurations were tested

at zero angle of attack and zero sideslip for a range of
tunnel airspeeds for different pressure settings on the

transducer. Each reaction jet was tested separately.

Data were recorded at nominal qoc values of 0, 2, 3,

4, 5, and 6 lb/ft 2. Nominal pressure settings of 0, 25,

50, 75, 100, and 125 psig were employed; however,

not all pressures were used for every configuration.

For selected configurations, tests at several different

pressure settings were also conducted over a range

of angles of attack from -2 ° to 40 ° and/or a range

of sideslip angles from -20 ° to 20 ° for a free-stream
dynamic pressure qoc of 4 lb/ft 2. During tests of the

right midwing jet, elevon effectiveness tests were also
made. Chart A lists the attitude angles used for each

configuration.

Prior to initiating the experimental program, sev-

eral tests were made to verify the effectiveness of

the trombone assembly in eliminating the tares (un-

wanted forces and moments) due to bridging the

balance with the compressed air lines. Tests were
made with the trombone assembly removed from the

model, with the trombone assembly in the model but

unpressurized, and with the trombone assembly in
the model and pressurized at 150 psig with the valves

closed. Data comparisons for the three setups showed

that only insignificant differences existed, thus indi-

cating essentially zero tare loads due to bridging the

balance with the compressed air lines.
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Chart A

Control

moment

Roll and

pitch

Jet location

Right midwing (baseline)

Right-wing long extension

Right wing at trailing edge

Right wing at wingtip

Left midwing (baseline)

Left-wing long extension

Pitch up Nose

Yaw left Aft fuselage, left side

Test

conditions

O_, _,

deg deg

(_) (b)
0 0

0 0

0 0
0 0

0 0

(_) o
(_) o

aa = -2% 0°, 5°, 10°, 15°, 20% 25 ° , 30° , 35° , 40°; also

tested with 6e,R = 4-20°.
b_ __--0o,4.5o,4.10o,4.15%4.20°.

ca=-2 °,0°,5°,i0°,15°,20°,25°,30°,35°,40°.

Corrections

The model was tested only in the upright posi-

tion in tile test section, so corrections for the flow

angularity were not obtained. In addition, since a

majority of the tests were made at zero pitch atti-
tude, corrections for jet-boundary effects, blockage,

and support interference were not applied.

Results and Discussion

General Remarks

Because of the greater sensitivity of the balance-
moment channels relative to the force channels, the

moment data rather than the force data were used

to compute control-jet effectiveness. The force data
were examined and used as a cross-check. Thus,

pitching-moment data were used for the nose-jet

analysis and yawing-moment data were used for the

yaw-jet analysis. Since the other jet configurations
involved both pitch and roll control, only the rolling-

moment data were employed to take advantage of the

sensitivity of the roll balance channel.

Control-jet effectiveness as used herein is defined

as a ratio of the moment produced by operating the

control jet under transition conditions (wind on) to
the moment produced by the jet during hover (wind

off). Wind-on data runs were made varying either
tunnel airspeed or model attitude angle usually while

holding constant the pressure to the control jet as
measured by the transducer. In place of a pressure

setting as the data identification on the figures, a

value of estimated nozzle pressure ratio (ENPR)
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was employed that was calculated for the wind-off

condition as described in appendix B.

Baseline Roll Jets

Force and moment data for (_ = 0° and _ = 0 °

were obtained through the qcc range for the base-

line roll jets operating at different pressure settings.

Measurements were made for both the right-wing jet

and the left-wing jet operating individually. Fig-

ure 5 shows representative plots of the aerodynamic

coefficients versus free-steam dynamic pressure with

ENPR as a parameter. During the tests, two

independent data sets were obtained for an ENPR
value of 1.0. Both sets are included to indicate the

repeatability of the data.

Using the measured rolling-moment values for
wind-on and wind-off conditions, values of the

effectiveness of the control jets as a function of the

effective velocity ratio Ve were obtained and these re-

sults are given in figure 6. Values of the estimated

velocity ratio Ve used in figure 6 were obtained by
the method indicated in appendix B.

An examination of the data in figure 6 indicates

that during transition flight a substantial reduction
occurs in the effectiveness of the control jets with

increasing Ve. (Increasing Ve corresponds to an in-

crease in forward speed for a given supply pressure

to the control jets.) This result is in agreement with

previous studies and shows the influence of the suck-

down pressure field aft of the control-jet effiux. (For
reader convenience, a sketch of the pressure field

about a jet exhausting at 90 ° to a crossflow is given

in figure 7 to illustrate the large surface area to the

side and to the rear of the jet influenced by neg-

ative pressures that reduce control-jet effectiveness.

The sketch was made from data figures presented in

refs. 2, 9, and 10.) Also shown in figure 6 are two cal-

culated curves obtained using the method presented

in reference 1 and briefly summarized in appendix C.
As can be seen, the calculated results in figure 6 are

in fairly good agreement with the experimental data
when considering the scatter shown. It should be

noted that the rolling-moment ratio Y/lo used in fig-

ure 6 can also be used as an approximation to the lift

ratio L_/Lo .

Longitudinal aerodynamic characteristics of the

model through the angle-of-attack range with the

baseline right-wing control jet operating are

presented in figure 8. Both wind axis data and body
axis data are provided for convenience. In addition,

the corresponding rolling-moment data with the con-

trol jet operating are presented in figure 9. An ex-
amination of the latter data indicated that varying

the angle of attack had little effect on the control-jet

effectiveness for the baseline jet location.



Theeffectofsideslipangle/3onthemodelrolling-
momentcoefficientwiththeright-wingcontroljet op-
eratingat severalpressuresispresentedin figure10.
Resultsarepresentedthroughthesidesliprangefrom
-20° to 20° at threedifferentanglesof attackand
two tunneldynamicpressuresettings.A changein
control-jeteffectivenesswithsideslipwasanticipated
becauseof therotationof themodelsurfacerelative
to the pressurefield. This anticipatedeffecton C t

is not apparent in the data. Large effects of sideslip

that involve sideslip angles of -30 ° to 30 ° and jet

pressure ratios up to 6.0 have been noted in other
studies such as reference 7.

Rolling-moment-coefficient data are presented in

figure 11 for several elevon deflections with the con-

trol jet operating. Only the right elevon and right-

wing baseline jet were employed for these tests. An
examination of the data shows that a loss in elevon

roll-control power occurs for angles of attack above

25 ° . Also, the data indicate that no aerodynamic

interference or coupling exists between the two con-

trols. Some previous studies on other configurations

have shown similar results (ref. 7).

Wing-Trailing-Edge Roll Jet

Force and moment data were obtained through

the qoc range at (_ = 0° and/3 = 0° for the model with

the right-wing control jet located at the "wing trailing

edge and operating at various pressure settings. A

simple extension mounted external to the wing lower

surface was employed to reposition the jet exit from
the baseline location. This extension was mounted in

a chordwise direction and was attached to the wing

such that the plane of the jet exit was tangent to

the wing upper surface. For this test the jet efflux
was discharged upward above the wing and normal to

the wing chord plane. (See fig. 4(b).) From using the

rolling-moment data, control-jet-effectiveness results

were obtained and are presented in figure 12. Also

shown are calculated curves using the equations in

appendix C.

The calculated curve of figure 12 predicts an

increase in control-jet effectiveness as Ve increases.

Because of the jet location, the suck-down pressure

field aft of the jet effiux has been moved off the wing

surface, thereby leaving only the positive pressure

field forward of the jet to augment the jet thrust and

hence increase the jet effectiveness. The comparison
of measured and calculated results shown in figure 12

is not good. The measured data show considerable
scatter and an effectiveness value less than 1.0 for

some Ve values. Note that the calculated curve

applies for conditions when the center of the jet is

at the wing trailing edge. However, the measured

data were obtained with the jet center slightly aft of

the trailing edge with the circular jet exit tangent

to the trailing edge. Some of the difference between
calculated and measured results could be due to the

difference in jet locations.

Wingtip Roll Jet

Tests through the qcc range with the model at

= 0 ° and /3 = 0 ° were made with the control jet

located at the right wingtip and operated at several

pressure settings. An extension mounted to the wing
lower surface was used to reposition the jet exit from
the baseline location. The extension was mounted

in a spanwise direction with the plane of the jet exit

tangent to the wing upper surface. The jet effiux was
discharged upward above the wing and normal to the

wing chord plane. (See fig. 4(b).) As in the previous

cases, only the rolling-moment data were used to

obtain values for control-jet effectiveness. These

results are given in figure 13 along with calculated

curves using the equations in appendix C.

A much smaller loss in control-jet effectiveness

predicted by the empirical equations in appendix C

is noticeable in figure 13 when compared with that

for the baseline jet location given in figure 6. This

difference is due to the influence of the jet spanwise

position factor K b. The comparison of measured and
calculated results shown in figure 13 is not very good
with scatter evident in the measured data. Similar

to the case with the jet at the wing trailing edge,

the circular exit of the wingtip jet was positioned

tangent to the wingtip although the calculations were

made for the center of the jet located at the tip.

The physical arrangement tested could affect the
measured values and thus influence the comparison.

Additional tests were made at a = 0° and qoc =

4 lb/ft 2 through the sideslip range from -20 ° to 20 °
for several jet pressure settings. These tests were

made to examine the effect, if any, on control-jet

effectiveness due to shifting the induced pressure field

on the wing with sideslip angle as was done for the

baseline control-jet location. These tests indicated

no effect of sideslip angle for the/3 range tested.

Roll Jets on Long Extensions

Data were obtained through the qoo range at

(_ = 0 ° and /3 = 0 ° for the model with the control

jets located some distance beyond the wingt!ps and
operated at several pressure settings. Long exten-

sions were mounted in a spanwise direction external

to the wing lower surface to reposition the jet exit

from the baseline location. For these tests the jet
effiux was directed downward similar to the baseline

case. (See fig. 4(b).) Tests were made with the ex-
tension mounted on the right wing and then on the

left wing. The particular extensions used were those



previouslyemployedduringthemodelfreeflighttests
in the Langley30-by 60-FootTunnelas an easy
wayof increasingthe modelroll-controlpowerfor
the samepressuresettings.Usingonly the rolling-
momentdata fromthesetests,valuesof control-jet
effectivenesswereobtainedandthe resultsarepre-
sentedin figure14. An examinationof the data in
figure14indicatesnochangein control-jeteffective-
nesswith increasingVe from that at the hover con-

ditions (Ve = 0). Although no calculated curve is

provided, a value of lt/lo of 1.0 should apply over the

range since no wing surface exists in the immediate
vicinity of the jet.

Nose Jet

Tests were made through the qc_ range for the

model at a = 0° and _ = 0° with various pressure

settings on the nose jet. Using the pitching-moment

data from these tests, values of control-jet effective-

ness as a function of Ve were obtained and the re-

sults are given in figure 15. The data indicated that

a loss in control-jet effectiveness with increasing Ve

from the hover condition was undoubtedly due to the

suck-down pressure field acting on the fuselage aft of
the jet exit. The loss shown in figure 15, however, is

not as large as that obtained for the baseline roll jet

for comparable values of Ve. The result is probably

due to the smaller surface area in the vicinity of the

jet and, to a lesser extent, to the local surface curva-
ture of the model. A calculated curve is not shown

in figure 15 since, at present, the empirical method

of reference 1 (summarized in appendix C) has not
been extended to jet-fuselage combinations.

Yaw Jets

Data were obtained through the q_ range for the

model at a = 0° and /3 = 0 ° with various pressure

settings on the left yaw jet. Using the yawing-

moment data, values of control-jet effectiveness were

obtained and are presented in figure 16 as a function

of Ve. The data indicate a slight loss in effectiveness
for all pressure settings except for the lowest value

tested. Note that a large amount of scatter was

obtained for this particular pressure setting. As

in the case of the nose jet, empirical values for

comparison could not be calculated since methods

for jet-fuselage arrangements are not available.

Since the yaw jets were located only a short dis-

tance behind the wing trailing edge, tests through

the angle-of-attack range were made at several pres-

sure settings to examine possible changes in jet in-

terference effects with angle of attack. Figure 17

presents the lateral coefficients Cy, Cn, and Cl ob-
tained from these tests. Of particular interest are

the data indicating the presence of a rolling moment

above a = 15 ° that does not seem associated with the

Cy and Cn results. Accordingly, the normal-force in-
crements ACN were obtained from data for the two

pressure settings, and these increments are presented

in figure 18. The results indicate that changes in
loading on the left-wing semispan due to the presence

of the discharging yaw jet contribute to the rolling
moments that were measured.

Conclusions

A brief wind-tunnel investigation was conducted

in the Langley 12-Foot Low-Speed Tunnel to de-

termine reaction control-jet effectiveness and some

aerodynamic characteristics applicable to transition

flight on a 15-percent-scale model of a STOVL

single-engine fighter concept developed by General

Dynamics and designated as configuration E-7A. In

addition to the baseline geometry, several alternate
roll-jet locations were tested. The various control

jets were powered by compressed air, and each jet

was tested individually. A total of eight different jet
locations were examined. Where possible, the mea-

sured data were compared with values calculated us-

ing an available empirical method. Results of the

study are summarized as follows:

1. Roll-control jets at the design location on the

wing semispan (baseline case) showed a significant

loss in control-jet effectiveness as effective velocity

ratio Ve increased. (Increasing Ve corresponds to

an increase in speed during transition flight.) The

loss in effectiveness was caused by the presence of

a suck-down induced pressure field acting on the
wing surface aft of the jet exit. A comparison of

the experimental data with calculated values showed

fairly good agreement for this jet location.

2. For the ranges tested, changes in sideslip angle,

angle of attack, and elevon deflection have little effect

on the roll-control jet data for the design roll-jet
location.

3. Control-jet-effectiveness values determined

from tests with the roll-control jet located either at

the wing trailing edge or at the wingtip involved
smaller losses than those obtained with the base-

line jet location; however, sufficient scatter existed

so that the data were not conclusive in supporting
the empirical calculations.

4. Control-jet effectiveness for transition flight
was found to be invariant from that at the hover

condition when the roll-control jet was positioned

spanwise some distance outboard of the wingtip.

5. Control-jet effectiveness of the nose jet de-

creased as effective velocity ratio Ve increased; how-

ever, the loss in effectiveness was less than that for

the baseline roll jet, undoubtedly because of the

6



smallersurfaceareainfluencedby the jet-induced
pressurefield.

6. Control-jeteffectivenessof theyawjet showed,
ingeneral,aslightlossforthetransitionflightregime
from that at the hovercondition. In addition,be-
causetheyawjetswerelocatedonlya shortdistance

aft of thewingtrailingedge,undesirablerolling mo-
mentsdueto loadingchangeson thewingoccurred
at anglesof attackabove15°.

NASALangleyResearchCenter
Hampton,VA23665-5225
September27,1989
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Appendix A

Aircraft Description and Operational
Modes

A three-view drawing of the E-TA configuration is
presented in figure 1. The design employs an ejector-
augmentor system driven by engine bypass air that
is located in the wing root section near the apex of
a large 60 ° clipped-delta wing. A two-dimensional
ADEN-type core nozzle is located rearward on the

undersurface of the aircraft for vectoring the hot
main-engine exhaust. The long diffuser units of the
wing ejector-augmentor system shown in the front
view are employed to improve the efficiency of the
design. As illustrated, the aircraft would operate in
tile hover and transition flight modes. For high-speed
flight, the aircraft is reconfigured. The diffuser units

are collapsed and stowed, and the ejector inlet covers
are closed. For hover, attitude control is provided by
reaction control jets located in the nose, wing, and
tail sections of the aircraft. For conventional flight,
control is provided by elevons and a rudder. During
transition, both systems are used.

Figure 2 illustrates the proposed method of
achieving STOVL capability. For hovering flight, all
engine bypass air is ducted forward to the wing ejec-
tors. The ejector-augmentor combination induces a
large secondary mass flow that increases the thrust
output of the system. The core nozzle is deflected

to turn the core flow 90 ° downward. During transi-
tion, the core nozzle angle is varied and the engine
bypass air is modulated between the wing ejector sys-
tem and the aft nozzle. For conventional flight, all
engine bypass air is directed rearward through the
aft nozzle.



Appendix B Therefore,

Equations Used In Data Reduction

Because of the geometry used for the control jets
in the model, the flow exiting the nozzles was very
distorted. For this reason the following simplified
mathematical expressions, which assume incompress-
ible flow, were employed.

Determining Values of Ve

To determine the values of effective velocity
ratio Ve, the wind-off values of the measured mo-
ment (rolling moment l used for illustration) and the
geometric moment arm may be used to compute the
jet thrust by

Tj = (B1)

where it is recalled that

pjAjVj 

2Aj qj

(B2)

Finally,

qj = Tj/2Aj (B3)

VpJ

(B4)

where qoc is measured and qj is calculated from
equation (B3).

Computing ENPR

To compute the estimated nozzle pressure ratio
ENPR, let

ENPR = pa_+ qj (B5)
Pa

where qj is calculated from equation (B3).



Appendix C

Estimation of Control-Jet Effectiveness

Empirical equations predicting the induced lift

loss of a reaction control jet exhausting into a cross-

flow are presented in reference 1. These equations

are presented here for convenience since they were

used in the comparisons presented herein.

The empirical method assumes that the lift loss
due to jet-induced effects consists of two terms which

are designated by the subscripts o and p. Thus,

-_-j= +
o p

(c1)

where

,, \N/ + o.4w?_ N

If

PJ < 1.893
p_c

0.688

(c2)

then

and if

then

v
(C3)

The increment in roll-control moment can be

written as
AL

,_t : Tjvi--_-j (C4)

The above equations, as indicated in reference 1,

apply to values of velocity ratio Ve up to 0.1, to values

of S/Aj up to about 7000, and to jet pressure ratios

pj/poc up to about 45.

To adjust the above method for control-jet loca-

tions near the wingtip and near the wing trailing

edge, the factors Kc and K b were proposed in ref-
erence 1 as follows:

Kc= 1-1.23(xJ) 4 (C5)

K b = 1 - 0.8 \b/2) (C6)

The total expression for the estimated increment in

rolling moment is then given by

= + KcK b

o p

(C7)
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Table I. Model Geometric Characteristics

Wing:
Area, ft 2 ............................... 14.1885
Aspect ratio .............................. 1.665

Taper ratio ............................... 0.115
Span, in ................................. 58.320
Root chord, in .............................. 62.860
Tip chord, in .............................. 7.212

Mean aerodynamic chord (MAC), in .................... 42.402
Leading-edge station of MAC, in .................... FS 34.239
Span station of MAC, in ..... .................. BL 10.720
Leading-edge sweep, deg .......................... 60
Trailing-edge sweep, deg .......................... -10
Airfoil ............................. NACA 64A004

Incidence, deg ............................... 0
Dihedral, deg ................................ 0
Twist, deg ................................. 0

Elevon area, ft 2 ............................. 1.7026

Vertical tail:
Area, ft 2 ................................ 1.2319

Aspect ratio .............................. 1.294
Taper ratio ............................... 0.437
Height, in ................................ 15.150
Root chord, in .............................. 16.293
Tip chord, in .............................. 7.125
Leading-edge sweep, deg .......................... 47.5
Airfoil:

Root ....................... 5.3-percent-thick biconvex
Tip ........................ 3.0-percent-thick biconvex

Rudder area, ft 2 ............................ 0.2621

Fuselage:

Length (nose boom removed), in ..................... 84.5415
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Figure 3. Photograph of 15-percent-scale E-7A model.
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8.23 -_

f Jet efflux

_--

Trailing-edge control jet
(side view)

f

(front view)

Jet efflux

i= 19.38

J

-I

Jet on long spanwise extension

(b) Sketches of alternate jet locations.

Figure 4. Concluded.

_ Jet efflux
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Right-wing baseline

control jet
MEASURED

ENPR

© 1.56
[] 1.86

2.21
/k 2.55

CALCULATED

NPR < 1.893
NPR = 2.50

1.4 --
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Figure 6.

Ye

(a) Right-wing roll jet.

Effectiveness of baseline roll jets for transition conditions, a = 0°; # = 0°; _e,L : 6e,R = 0°.
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Left-wing baseline

control jet
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(b) Left-wing roll jet.

Figure 6. Continued.
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(c) Left-wing roll jet.

Figure 6. Concluded.
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y/d

4

3

2

- Crossflow

Cp

x/d

Figure 7. Planview sketch of constant pressure contours on fiat plate at zero angle of attack with circular jet
exiting at 90 ° to free stream. (See refs. 2, 9, and 10.)
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Wing-trailing-edge jet

MEASURED
ENPR

© 1.37
[] 1.65

1.97
Z_ 2.38

CALCULATED
NPR < 1.893
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1.(3

.8

t "/t o

.6

.4

.2

Z_
<>

/k

O

[] []

0 o
<> [] <>

0
0

I I I I I I I I I
0 .01 .02 .03 .04 .05 .06 .07 .08 .Og

V e

Figure 12. Effectiveness of trailing-edge roll jet'for transition conditions. (_ = 0°; /3 = 0°; 6e, L .= _e,R = 0°.
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1.4

Wingtip jet

MEASURED
ENPR
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2.02
Z_ 2.37
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NPR < 1.893
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Figure 13. Effectiveness of wingtip roll jet for transition conditions, a = 0°; /3 = 0°; 6e,L = 6e,R = 0 °.
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Jet

1.4--

on long extension

ENPR

O 1.68

[] 2.08
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A 2.97
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(a) Long extension on left wing.

Figure 14. Effectiveness of long-extended roll jets for transition conditions, a = 0°; _ = 0°; 6e,i = 6e,R = 0°;

solid line indicates value at ll/lO = 1.0.
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Jet on long extension _.
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(b) Long extension on right wing.

Figure 14. Concluded.
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ENPR

0 1.36
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Figure 15. Effectiveness of nose jet for transition conditions, a = 0°; _ = 0°; 6e, L = _e,R ---- 0°; solid line

indicates value at m//mo = 1.0.
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